INTRODUCTION
Biologists interested in the evolution of life history traits have often argued that, all else being equal, fitness is enhanced if an organism can develop more rapidly and grow to a larger size before making the transition to reproductive maturity (King and Roughgarden 1982 , Stearns 1992 , Roff 1999 . Because larger individuals tend to have greater fecundity, a trade-off exists between size or stage at maturity and the time required to reach the transition to maturity.
Since the environment is heterogeneous, all else is not equal. A complete understanding of life history evolution therefore requires examining how the environment induces plasticity in life history traits and investigating how such plastic traits relate to lifetime fitness across an appropriate range of environments (Stearns and Koella 1986, Stearns 1992) . Phenotypic plasticity, i.e., the production of different phenotypes by the same genotype in response to environmental variation, is especially important for plants. Their passive seed dispersal and sessile habit may expose genetically similar individuals to substantial environmental variation. In particular, the presence of intraor interspecific neighbors often reduces the availability of light, a critical resource, with important impacts on rates of development and growth, as well as on fitness distributions (Weiner and Thomas 1986 , Geber 1989 , Schmitt 1993 .
Competition may lead to natural selection for novel morphologies that enhance resource capture or for shifts in the timing of growth or reproduction that obviate competition, and variation in the presence of competition may select for adaptive phenotypic plasticity of such traits (Sultan 1987 , 1995 , Via et al. 1995 . The phenotypic plasticity expressed by a given genotype is considered adaptive (in the sense of being currently advantageous) if the phenotypes evoked by a relevant range of environments confer high relative fitness in those environments.
Several recent studies have demonstrated the adaptive significance of shade-induced plasticity. For example, plasticity in stem elongation may be selected because taller stems increase light capture in shady conditions while shorter stems promote mechanical stability and minimize support costs in less shady environments (Givnish 1988 , Casal and Smith 1989 , Schmitt et al. 1995 , Dudley and Schmitt 1996 . Also, flowering earlier may be adaptive if the optimal tradeoff between the chronological timing and developmental stage of flowering differs between shaded and unshaded environments. For example, the potential for growth declines and the risk of mortality increases where encroaching competitors cast shade late in the growing season. In such habitats, selection should favor individuals that flower earlier in the face of increasingly scarce light resources. Under sparser canopies, the potential for continued growth and lower risk of mortality should instead select for delayed flowering. If genotypes have a high probability of encountering alternative environments, the shade-induced plasticity of flowering time traits may be altered by selection, and a more favorable norm of reaction may evolve (Stearns 1992 , Mitchell-Olds 1996a, b, Via et al. 1995) .
In addition to reducing light resources, competing neighbors alter the spectral quality of light, because chlorophyll absorbs red wavelengths but transmits and reflects far-red wavelengths. Accordingly, encroaching competition can be detected by a transduction of environmental signals mediated by phytochromes, a family of red-and far-red-sensitive apoproteins (Holmes and Smith 1977, Smith 1982) . It has been argued that shade-induced, phytochrome-mediated plasticity syndromes are especially advantageous because they can operate in an anticipatory fashion (Smith 1982 Variation in the shade-mediated phenotypic plasticity of flowering time and natural selection on flowering time have seldom been carefully studied among and within A. thaliana populations growing in natural habitats. To explore whether there is a correspondence between the selection regimes imposed by shaded and unshaded conditions and the shade-induced plasticity of flowering-time traits, we conducted a two-year field study at two contrasting sites. We chose one site where vegetation remained sparse throughout the spring and another where there was little vegetation during the winter, but vigorous growth throughout the spring and very dense vegetation by late spring. Using reciprocal transplants, we investigated local adaptation and variation within natural populations. Furthermore, we used families of plants from these two populations in a greenhouse experiment involving light regimes that were unshaded, shaded, or heterogeneous within the growing season. This parallel experiment aimed to minimize confounding differences between the two study sites such as differences in soil moisture or fertility, microclimate, and belowground competition.
In this paper, we first document spatial and temporal heterogeneity in photosynthetic photon flux density (PPFD) and spectral quality (R:FR). Second, we report on our examination of survivorship, flowering time, plant size, and reproductive output in both habitats to assess the impact of vegetation shade and related site factors. Third, we examine whether there is differentiation in the timing-or size-related traits between the two native populations or among families within populations. Finally, in both shaded and unshaded conditions, we conducted multivariate analyses of natural selection on flowering time and size traits (Lande and Arnold 1983, Endler 1986), and we present and compare phenotypic and genotypic analyses for both the field and greenhouse studies. The phenotypic analyses are powerful because of the large sample sizes employed. Genotypic analyses are relevant because selection gradients estimated in this manner are less likely to be biased by environmentally induced correlations between selected traits and fitness itself (Rausher 1992 
Environmental and seed sampling
For the two-year, two-site study, we chose two sites with sharply contrasting light regimes. The Agricultural Experiment Station site (35056'N, 83057'W) and the Sharp Ridge Park site (36000'N, 83056'W) are both in Knox County, and are abbreviated hereafter as AS and SR, respectively. The vegetation at the AS site was predominantly fescue grass (Festuca spp.) with other early-spring-flowering weed species, such as Stellaria media, Lamium amplexicaule, and Veronica arvensis. The less shaded SR site lacked the fescue grass cover, but was patchily distributed with the same early-flowering weeds, along with scattered clumps of Cardamine hirsuta and Plantago lanceolata.
During both years of the study, we characterized the light regimes at the two sites, measuring the red to farred ratio (R:FR) and photosynthetic photon flux density (PPFD) with a LI-COR 1800 Spectroradiometer (LI-COR, Lincoln, Nebraska, USA). We sampled at a stratified random array of points within study plots at each site (1997, N 80; 1998, N 260). Early-season measurements were taken during the hours of 1000-1500 under cloudless conditions during the first two weeks of March. Late-season measurements were taken under similar conditions during the first two weeks of April (Fig. 1) After transplanting seedlings, we assessed mortality in mid-December (Table la) and then monitored growing rosettes periodically. We conducted a census to determine prebolting mortality on 27-28 February 1997. Thereafter, we monitored every other day for bolting, the first manifestation of the reproductive phase in A. thaliana. When we recorded the number of days to bolting, we also counted the number of rosette leaves and measured rosette diameters to the nearest 0.1 cm. We were unable to count and measure some bolting plants because mud obscured some rosettes. We recorded plants that never bolted as mortalities in the analysis of prebolting (overwintering) mortality (Table  lb) . We monitored survivorship of all bolting inflorescences, recording a postbolting mortality (Table Ic) if a plant bolted, but we were subsequently unable to locate the inflorescence. When flowering and fruiting ceased, we harvested inflorescences and measured height and number of matured fruits. Previous studies indicate that seed number per plant is strongly correlated with number of fruits (Westerman and Lawrence 1970, Mauricio 1998).
Second-year field study
For the second year of the study, we propagated seed families from the maternal families collected in May imposing grass canopy treatments in separate pots, we prevented belowground competition while creating environments that provided light cues normally associated with the absence or presence of competitors. The design also allowed us to control the timing of shade. An individual plant's date of bolting served as the division between the early and late treatments. Pots in treatments 2 (shaded late only) and 3 (shaded early only) were switched to shaded or unshaded flats, respectively, within two days of bolting. A border of ryegrass surrounded the shaded flats to minimize edge effects. We periodically checked R:FR in the shaded and unshaded flats using a LI-COR 1800 Spectroradiometer. The ratio in shaded flats ranged 0.55-0.65; in the unshaded flats it ranged 0.95-1.05. We watered flats during dry spells, sprinkled with slug pellets, and sprayed approximately biweekly to control for aphids. Flats otherwise experienced the same natural temperature, photoperiod, and rainfall regime.
After one week, we thinned germinated seedlings to a single plant per cell and began monitoring plants daily. Bolting occurred during 3 April-3 1 May. At bolting, we recorded the number of days between bolting and sowing (24 January 1997). We also counted the number of rosette leaves and measured rosette diameter to the nearest 0.1 cm. When plants ceased flowering and fruits were shedding seeds, we harvested infructescences and recorded main stem height and number of fruits.
Statistical analyses
In the field studies, a series of contingency table tests determined whether there were significant differences between sites and between years for survivorship at three stages: after transplant, before bolting, and after bolting. The (x levels of these tests were Bonferroni corrected to a nominal level of P < 0.05 to account for nonindependence. Variation in plant size and phenology in both the field studies and the greenhouse study were analyzed using a split-plot ANOVA with blocks. For significance testing, we again used a sequential Bonferroni correction, because we were examining five traits on each plant. Distributions of residuals were approximately normal, with the exception of number of fruits in the field study, which was natural log-transformed to improve normality and homoscedasticity.
In the field studies, the ANOVA model examined the effects of block, year, site, and the year X site interaction (whole plots) as well as the effects of population of origin, interactions of population with site and year, and maternal family (subplots). In the greenhouse study, the ANOVA model that analyzed three early traits (rosette leaf number at bolting, date of bolting, and rosette diameter) included blocks and only the early-shading treatment (whole plots), as well as population of origin, the interaction of population and the early treatment, and maternal family (subplots). The ANOVA model that analyzed the two late traits (inflorescence height and number of fruits) included blocks, both early-and late-shading treatments, and the interaction of early and late shading (whole plots), as well as the effects of population of origin, interactions of population with the early and late treatments, and maternal family (subplots). Because we examined five traits on each individual plant, also in this case the (x level of P < 0.05 for significance testing was corrected using a sequential Bonferroni procedure. When grown in common garden plots in the field, the two populations of origin showed very similar patterns of survivorship (Table 1 ) and were not significantly differentiated for most of the traits measured, with the exception of leaf number at bolting (Table 4) . Therefore, to maintain large sample sizes for our selection analyses, we pooled data from the two populations in phenotypic and genotypic selection analyses.
We conducted selection analyses using two different models. In both, relative fitness was estimated as the total number of fruits (untransformed) divided by the mean number of fruits within a site and year, or within a treatment for the greenhouse study. One model included four independent variables: bolting date, number of rosette leaves at bolting, rosette diameter at bolting, and final inflorescence height. In the first model, the most influential independent variable was inflorescence height, a trait measured later than the other three traits and very strongly correlated with the number of fruits. This result is consistent with Myerscough and Marshall's (1973) observation of an allometric relationship between main stem height and reproductive output across a broad range of environments. We therefore conducted and present only the second selection analysis, a three-trait model that omitted inflorescence height.
Separate models were used to estimate linear and quadratic coefficients; quadratic models did not include cross-product terms (Brodie et al. 1995) . We conducted phenotypic selection analyses on all individual plants with complete data for all variables. Models were fit using SAS PROC GLM (Version 7.0 for Windows), which generates F tests based on Type III sums of squares for testing significance of slopes. For each factor in the model, we also used SAS to estimate directional selection gradients (standardized partial-regression coefficients). We used a cross-validation procedure to examine the predictive ability of the phenotypic models: we randomly split the data set and used half of the data to reestimate regression parameters (i.e., unstandardized regression coefficients and an estimation coefficient of determination, multiple-Rb2 ). We used the estimated models to predict relative fitnesses for the other half of the data set, and calculated a prediction coefficient of determination (multiple-R2red) to compare to Res, (Mitchell-Olds and Shaw 1987, Montgomery and Peck 1992:447).
Genotypic selection analyses (Rausher 1992) were conducted using family means (within each environment) as a proxy for breeding values. These used relative fitness based on a given family's mean fruit number (within an environment), divided by the overall mean. Cross-validation was not conducted for the genotypic analyses due to much smaller sample sizes. Estimating selection gradients in this manner controls for the possibility that the microenvironment experienced by an individual plant may induce a correlation between the independent variables and the estimate of relative fitness (Rausher 1992, Mauricio and Mojonnier 1997).
To test for heterogeneity of directional selection gradients, we combined the data sets from two years and two sites in the field study, and from four different shading treatments in the greenhouse study, respectively. We then fit separate ANCOVA models for each of the three continuous, independent variables (i.e., number of rosette leaves, bolting date, and rosette diameter at bolting). Models for the field study added interactions between a particular variable and the main effect of year, the main effect of site, and the site X 
RESULTS

Field study
Environmental variation.-We confirmed that the shadier Agricultural Experiment Station (AS) site had both lower photosynthetic photon flux density (PPFD) and a lower red to far-red ratio (R:FR) than did the Sharp Ridge Park (SR) site. The difference between early-and late-season PPFD and R:FR was greater at the AS site, especially during the study's second year (Fig. 1) .
Survivorship.-During the first year of the field study, seedlings survivorship immediately after transplanting was significantly higher at the AS site than at the SR site. In the second year, seedling survivorship was significantly higher at both sites; the between-site discrepancy in seedling survivorship was smaller, yet still significant (Table la) . In both seasons, over-winter survivorship was similar at the two sites, but survivorship was overall higher in the second year (Table  lb) . At the SR site, there was similar postbolting survivorship in both years of the study. Compared to the SR site, postbolting survivorship at the AS site was slightly lower in spring 1997 and much lower in spring 1998 (Table I c). Table 1 includes survivorship data for plants either native or nonnative to the site. At both sites, differences in survivorship between native and nonnative plants were small and statistically nonsignificant.
Mean flowering time, plant size, and reproductive output.-Plants bolted with fewer rosette leaves at the shadier AS site than at the SR site, and in the first year compared to the second (Fig. 2a) ; there was no significant interaction between site and year (Table 4) . In both years, bolting tended to occur earlier at the shadier AS site. In the second year, when bolting occurred later at both sites, between-site differences were also significantly larger ( Fig. 2b; Table 4 , significant effects of site, year, and site x year interaction). Rosette diameters also varied across sites and years; especially small rosettes were observed at the AS site during the first year (Fig. 2c, Table 4 ). Inflorescences were -1.4-fold taller at the SR site than at the AS site during the first year, while the reverse was true in the second year ( Fig.  2d; Table 4 , significant site X year interaction). Finally, mean fruit production paralleled mean rosette diameter rather closely; it was markedly lower at the AS site than at the SR site in the first, but not in the second year ( Fig. 2e; Table 4 , site x year interaction).
In the second year, when all plants produced more leaves, plants native to the SR site produced more leaves than plants native to the AS site (Fig. 2a) . The significance of this difference is supported by the significant year x population-of-origin interaction and the significant effect of population of origin (Table 4) . For all other traits, the two populations were not significantly differentiated. Lack of differentiation for the shade-induced plasticity of these traits is suggested by the lack of a significant population x site term, although this term approached significance for size-and fitness-related traits (Table 4) . Variation among maternal families was significant for number of rosette leaves at bolting, bolting date, and rosette diameter, but not for inflorescence height or fruit number (Table 4) .
Phenotypic selection on flowering time and plant size.-Although seasonal light regimes differed consistently between sites in both years (Fig. 1) , selection regimes were qualitatively similar between the two sites and in the two years of the study (Table 5) . At both sites in both years, total selection favored larger plants, i.e., those with larger rosette diameters and more rosette leaves at bolting. There was also total selection for earlier bolting, and it was somewhat stronger at the less shaded SR site. At that site, plants that bolted early had larger rosettes and tended to produce taller inflorescences (Appendix A). Directional selection gradients for larger rosette diameters were always large and highly significant, but gradients for bolting with more rosette leaves were weaker, and their magnitude and significance were not consistent across sites or years. Gradients for bolting at an earlier date were also weaker than gradients for rosette diameter, and there was not a consistent tendency for these gradients to be stronger at a given site or within a given year (Table 5) .
The cross-validation procedure supported the model, with the exception of a poorer fit to data at the AS site in the second year (Table 5) . When quadratic terms were added to the model, they were only significant for rosette diameter. Also, quadratic coefficients were positive, but not strictly interpretable as disruptive selection, since visual inspection revealed no local minima within the ranges of the data (Mitchell-Olds and Shaw 1987).
The results of the genotypic analyses essentially parallel those of the phenotypic model (Table 5) . Directional selection gradient favoring larger rosettes were strong, especially at the SR site during the second year. In both years, directional selection gradients on date of bolting differed in magnitude between sites. This gradient was significant only at the shadier AS site during the first year; it was marginally significant at the less shady SR site during the second year. Directional selection gradients on number of rosette leaves at bolting were always nonsignificant (Table 5) . Table 6 summarizes the ANCOVA analyses of heterogeneity of directional selection gradients from the field study. The magnitude of directional selection gradients on rosette diameter and number of leaves at bolting differed significantly between combinations of years and sites. This was not true for the directional selection gradients on date of bolting.
Greenhouse study
Mean flowering time, plant size, and fitness.-When we measured bolting date, number of rosette leaves and rosette diameter, plants had been exposed to two contrasting early treatments only, rather than to the full factorial array of early and late treatments. Plants that were shaded bolted with significantly fewer rosette leaves and larger rosette diameters, but bolting date was not significantly affected (Fig. 3a-c, Table 2 ). With inflorescence height and fruit production, we were able to examine the main effect of late-shading treatments, as well as the main effect of early-shading treatments and the interaction of early-and late-shading treatments (Fig. 3d, e) . Shade imposed after bolting induced significantly taller inflorescences, but shade prior to bolting did not affect inflorescence height (Fig. 3d, Table  2 ). Both late and early shading reduced fruit production, but in an additive rather than an interactive manner (Fig. 3e, Table 2) .
The ANOVAs indicate a highly significant effect of maternal family on all five traits. Population of origin was a significant main effect only for mean bolting date and mean number of rosette leaves; slight differences in inflorescence height and fruit production between the two populations approached significance (Table 2) . In both the shaded and unshaded treatments, the population native to the shadier AS site flowered earlier and with fewer leaves than the population native to the SR site (Fig. 3) . However, there was no significant interactions between population of origin and either the early treatment or the late treatment (i.e., the two populations had similar plastic responses to shading regimes; Table 2 ).
Selection on flowering and size traits.-In all four treatment combinations used in the greenhouse study, total selection was qualitatively similar. Total selection always favored larger diameters, but this selection was weakest in treatment 3 (shading early, but not late), a novel environment that does not correspond to con- Table 3 ). Although there was total selection for an earlier date of bolting, there was no total selection for bolting with more rosette leaves. Directional selection gradients for earlier bolting were always significant. This was also the case for larger rosette diameters, except in the novel treatment 3. Finally, there were significant directional gradients for flowering with more rosette leaves, but only in treatments where rosettes were shaded after bolting (treatments 2 and 4).
A genotypic analysis found selection gradients similar to the phenotypic ones (Table 3 : Genotypic estimates). There were significant directional selection gradients favoring larger rosette diameters and an earlier date of bolting, except in the novel treatment 3. There were no significant selection gradients on number of rosette leaves at bolting.
For the greenhouse study, we again used ANCOVA models to examine heterogeneity of phenotypic directional selection gradients. We found that across the four treatments the direct selection gradients were significantly heterogeneous only for bolting date (F3 5019 = Nonshaded conditions may select for accelerated bolting just as strongly as shaded conditions. Also, selection does not tend to favor bolting at an earlier developmental stage. Rather, delaying the developmental timing of bolting is sometimes favored in both shaded and unshaded environments.
Shade and survivorship
The risk of postbolting mortality was higher at the shaded Agricultural Experiment Station (AS) site than at the Sharp Ridge Park (SR) site, at least during the second year of the study, when PPFD reached extremely low levels late in the season. This provides good circumstantial evidence that A. thaliana plants face an increased risk of mortality if they encounter vigorous aboveground crowding during the longer, warmer, wetter days of spring. Prebolting (i.e., over-winter) mortality was low, especially in the second year, and rates were similar at the two sites. This is circumstantial evidence that over-winter survivorship is not affected by differences in shading regimes or other competitive factors between the AS and SR sites (Fig. 1) . Finally, lower mortality of seedlings at the more shaded site contrasts with previous reports of increased seedling and prereproductive mortality with increasing density of nonspecific or interspecific neighbors (Myerscough and Marshall 1973 , Yanovsky et al. 1995 , Ballare and Scopel 1997 . Our results for seedling survivorship may differ for several reasons. We were working with natural populations, rather than with photoreceptor mutants (Yanovsky et al. 1995) . Additionally, there may be differentiation among natural populations in seedling survivorship, due to genetic differences or to differences among maternal environments that alter seed and seedling behavior (Koornneef and Karssen 1994) . Finally, our results may reflect the relative ease of successfully transplanting seedlings onto a flatter site, rather than a difference due to the local competitive and light regime.
Shade-induced phenotypic plasticity
The most consistent impact of shade was its tendency to induce bolting at a significantly earlier developmental stage (i.e., with fewer rosette leaves). Although this plasticity was consistently significant, its magnitude varied from year to year in the field. Shade also tended to shift bolting to an earlier point in time, although this effect also varied in magnitude between years, and was not as consistent as shade's tendency to induce bolting earlier in development. In fact, the shaded treatment in the greenhouse did not induce an earlier bolting date. The disparity between these two flowering time traits is somewhat puzzling, because they are often almost perfectly correlated in studies of laboratory lines, and in such studies it is common to measure the number of rosette leaves rather than the date of bolting (Koornneef et al. 1991) .
The correlation between flowering date and leaf number may be positive and highly significant, but <1.0 in more variable laboratory populations (Mitchell-Olds 1996a) or in late-flowering ecotypes (Pigliucci and Schlichting 1998). We therefore advocate using both traits to fully characterize flowering time, because it seems likely that shade can affect a plant's flowering time in two distinct fashions. It can shift bolting to an earlier developmental stage and also slow overall plant growth, including the rate of new leaf production. The two trends can essentially cancel, resulting in no net Finally, shaded conditions in the greenhouse increased some size-related traits (Fig. 3c, d ), but the corresponding differences were not consistently observed between the more shaded and less shaded field sites (Fig. 2c, d ). In the field, the phenotypic plasticity of these traits may reflect inevitable responses to the high density of surrounding vegetation, which lowers the R:FR, but also may result in competition for aboveand belowground resources (Sultan and Bazzaz 1993). Size-related traits may have been affected not only by light quality, but also by local variability in other abiotic and biotic factors. This possibility is further supported by the significant effect of year in the field study (Table 4) and by highly significant block effects in both the field and greenhouse studies (Table 4, Table 2 ).
Are natural populations locally adapted?
The significant effect of site for most traits (except inflorescence height) suggests that there is significant shade-induced plasticity in both populations. Despite this plasticity, the generally nonsignificant effect of population of origin indicates little differentiation between two populations. Furthermore, nonsignificant or only marginally significant site X population-of-origin interaction terms indicate that shade-induced plasticity does not differ between populations. Examining the results in detail reveals, however, that the shade-native AS population shows less plasticity to variation in shading. During the second year only, the AS population bolted with fewer leaves and produced fewer fruits than the SR population (Fig. 2) when the two populations were grown at the less shady SR site. This suggests that this shade-native population may be less capable of delaying bolting to a later developmental stage in order to take advantage of nonshaded conditions. Thus, its flowering time plasticity may be maladaptive or suboptimal.
The greenhouse study provides stronger evidence for differentiation between populations. As in the field study, the shade-native AS population bolted earlier. This occurred not only in the shaded treatments, which resembled the native habitat of the AS population, but also in the unshaded treatments. The AS population also had slightly taller inflorescences and greater fitness in all treatments. Despite these differences, populations native to the AS and SR sites showed similar plasticity to shade for all traits.
In both populations and in both studies, we detected significant variation among families for the three traits measured at the time of bolting. Moreover, our genotypic selection analyses suggest that natural selection, if it were consistent within a site from year to year, could favor families with earlier bolting dates ( Table  4, Table 5 ). It is unclear whether such a selection regime is acting or has acted within either of these populations. We detected significant variation among families for two traits that estimate fitness (inflorescence height and fruit number), but only in the greenhouse study, not in the field study. In the field, response to natural selection may be quite weak because a large proportion of the variance for fitness may be due to environmental rather than genetic variation.
For several reasons, we might predict rather limited differentiation between the two populations (currently or in the future) for flowering time traits or their shadeinduced plasticity. First, directional selection gradients for number of rosette leaves at bolting may differ between years as much as or more than they do between the two contrasting sites. Year-to-year variation also indicates that factors other than shading may mediate heterogeneous selection on this trait. Second, directional selection gradients favoring earlier bolting dates were not generally stronger at the more shaded AS site. This result suggests that selection for bolting at an earlier date may not be mediated by vegetation shade, but instead by temperature, rainfall, soil moisture, or other factors. Indeed, the importance of small-scale variation in such factors is underscored by the significant block effects found in our field study (Table 4) and even among the spatial blocks in our greenhouse study (Table 2) , as well as previous studies Lechowicz 1991, Stratton and Bennington 1996) . Third, the greenhouse study found that gradients for number of rosette leaves at bolting were weak in unshaded, shaded, and heterogenous treatments. Finally, in some habitats competitors may encroach so rapidly that it is not possible to escape competition, possibly rendering shade avoidance disadvantageous. For example, the weedy annual Abutilon theophrasti experiences asymmetric competition or differences in the timing of competition that negate the selective advantage of shade avoidance (Weinig 2000) .
It is also possible that estimates of phenotypic selection gradients are either inaccurate or biased. Their accuracy could also be compromised by mortality that resulted in unequal sample sizes between populations, or among maternal families. Also, we did detect some between-population genetic structure for trait means (e.g., rosette leaf number), indicating that selection analyses should be interpreted cautiously. They may be less accurate than if estimates had been obtained using only the plants native to each site. Data were pooled, however, to maximize both sample sizes and the range of natural trait variation, both important for an analysis examining multiple traits. This approach is appropriate to the general aim of gaining some of the first insights into the ecology of shade avoidance in the natural habitats of A. thaliana. Additionally, bias in phenotypic selection analyses may result because an individual plant's microsite can induce correlations between traits and relative fitness (Rausher 1992 ), a problem addressed by the genotypic selection analyses, which were qualitatively similar to phenotypic analyses (i.e., gradients changed in magnitude or significance, but not in sign).
Is shade-induced plasticity adaptive?
As in many laboratory studies, we observed bolting with fewer rosette leaves and at an earlier date under shaded conditions. If this plasticity is adaptive, selection regimes in shaded conditions should favor plants that bolt earlier and with fewer leaves. Selection regimes under shaded conditions did favor plants that bolt chronologically earlier, but a similar selection regime was also observed in less shaded or unshaded conditions. Also, we observed selection to flower with more rather than fewer leaves, or no selection on this trait. In the densely shaded conditions we studied, it was not advantageous to bolt at a developmentally earlier stage.
Since distinct flowering time traits may be subject to conflicting selective pressures, it appears that the plasticity of these traits may be only partly adaptive, and perhaps subject to constraint. In many laboratory studies of A. thaliana, the strong positive correlation between leaf number and date of bolting means that few plants flower both early and with many rosette leaves. We also observed a strong correlation between these two flowering time traits in our greenhouse study (Appendix B). Furthermore, it appears that the positive correlation between these two traits is not easily altered by selection, even when mutation rates are increased artificially (Mitchell-Olds 1 996a, Camara and Pigliucci 1999). Such results suggest pleiotropy of genes controlling the two traits, or perhaps a functional or physiological connection between them.
While it may be possible to detect pleiotropy or other constraints in the lab, they may not be relevant in field environments, where we found either no correlation or a negative correlation between these two traits (Appendix A). This may be due to local environmental heterogeneity, a possibility supported at the SR site where correlations between bolting date and leaf number calculated with block means were weakly negative (1997, r = -0.14; 1998, r = -0.13). At the AS site, however, correlations calculated with block means were strong and positive (1997, r = 0.81; 1998, r = 0.96), indicating that local environmental heterogeneity, if important, probably imposes heterogeneous selection at much finer spatial scales (Stratton and Bennington 1996) . Large discrepancies between either phenotypic or genotypic correlations estimated in benign laboratory vs. harsher or more variable field environments may not be the norm, but they have been detected in some quantitative genetic studies (Roff 1996 (Roff , 1999 .
Finally, in addition to considering pleiotropy, other constraints, and environmental dependence of correlations and covariances, it may be important to bear in mind that plasticity may be induced by multiple factors in the external environment (Bell and Lechowicz 1994, Schlichting and Pigliucci 1998). For example, springflowering annuals like A. thaliana are likely to encounter imperfectly concordant environmental factors, such as a predictable photoperiod regime, but interannual variation in shading or temperature regimes. Future ecological studies of A. thaliana should continue to examine the genetic architecture of multiple life history traits, but they should also be conducted in field sites or in more controlled experiments where multiple ecological factors vary, and not necessarily in a concordant fashion. Without an appreciation for such complexities, it will be difficult to gain a full understanding of the plasticity of flowering time and its ecological significance.
